Introduction
The superoxide anion radical ( 
O2
-generated by oxidative stress induces serious diseases, such as cancer, brain and myocardial infarction, Parkinson's disease, and chronic obstructive pulmonary disease. [1] [2] [3] Many kinds of antioxidants can be utilized to maintain the balance of • O2 -in biological systems, [4] [5] [6] and it is therefore important to develop a simple method to evaluate the • O2 --scavenging activities of antioxidants.
The conventional methods used to evaluate the • O2 --scavenging activity are electron spin resonance with a spin trapping reagent, 7, 8 chemiluminescence with luminol, 9 and colorimetry with nitro blue tetrazolium (NBT). 
-to O2 coupled with cytochrome c or superoxide dismutase. 1, 2 In the present study, we were particularly interested in the use of a commercially available oxygen electrode to develop a convenient method to determine • OH scavenger, where oxygen was consumed by the radical generated by the reaction of • OH with a scavenger.
11
The present study employed the reaction of nitrilotriacetatoiron(III) (abbreviated as Fe(III)NTA hereafter) and reactive oxygen species, expressed below: 12, 13 Fe(III)NTA + H2O2 → Fe(II)NTA + HOO • + H + ,
Hydroperoxyl radical (HOO 
O2
-is further oxidized to molecular oxygen through an electron-transfer reaction with Fe(III)NTA (Eq. (3)), this oxidation process will be inhibited in the presence of the • O2
-scavenger. Hence, we tried to evaluate the • O2 --scavenging ability through the inhibition of oxygen generation using an oxygen electrode. The use of Fe(III)NTA was convenient, because it was involved in the generation of both
• O2 -and O2. Furthermore, Fe(III)NTA is regenerated by a Fenton-like reaction (Eq. (4)) 14 and the oxidation of Fe(II)NTA by HO • (Eq. (5)), 15 recycling the reaction shown in Eqs. 
Experimental

Reagents
The reagents were obtained from the following sources: iron(III) perchlorate hexahydrate and sodium formate were from Kanto Chemical (Tokyo, Japan); H2O2 (35 wt% in water) was from Ishizu Seiyaku (Osaka, Japan); nitrilotriacetic acid disodium salt was from Tokyo Kasei (Tokyo, Japan); NBT, D-mannitol, D-glucose, D-sorbitol, sodium citrate, and tetraborate
The ability to scavenge superoxide anion radicals ( • O2 -) was determined using an oxygen electrode. The method is based on the determination of • O2
-generated by the reaction of nitrilotriacetatoiron(III) with hydrogen peroxide and a decrease in the concentration of • O2
-by a scavenging reaction, converting into a change in the generation of oxygen molecules through an electron-transfer reaction from • O2
-to nitrilotriacetatoiron(III). Oxygen generation, which enhanced proportionally with an increase in the concentration of hydrogen peroxide, was inhibited depending on the concentration of superoxide dismutase. Hence, we applied the present reaction system to evaluate the • O2 --scavenging abilities of an antioxidant, measuring the degree of inhibition of oxygen generation using an oxygen electrode. A good correlation was obtained between the present method and conventional colorimetry, monitoring the formation of blueformazan by the reaction of nitro blue tetrazolium with pH standard solution (pH 9.18) were from Wako (Osaka, Japan); and superoxide dismutase, glutathione, and amino acids (cysteine, methionine, phenylalanine, tryptophan, and tyrosine) were from Sigma (St. Louis, MO). All other reagents were of analytical reagent grade.
Preparations of solutions
Solutions of H2O2 and Fe(ClO4)3 were freshly made up each time using Milli-Q water. An iron complex of 25 mM Fe(III)NTA was prepared anew each time by mixing the same volume of 50 mM Fe(ClO4)3 and 50 mM nitrilotriacetic acid disodium salt. Stock solutions of superoxide dismutase (SOD) and other scavengers were also prepared using Milli-Q water.
Measurement of oxygen generation
An assay mixture consisting of the required concentrations of H2O2 and a scavenger dissolved in a tetraborate pH standard solution (pH 9.18) was put in a cylindrical glass vessel (i.d., 21 mm; height, 40 mm) and then the oxygen electrode (P-type; Biott., Tokyo, Japan) was set and covered with silicon rubber, as described previously. 11 The reaction was started by injecting a Fe(III)NTA complex with a microsyringe into the mixture to make a final concentration of 0.3 mM. The total volume of the reaction mixture was 5 ml. Oxygen generation was measured for about 120 s with stirring. Measurements were performed in a thermostat adjusted to 25 C. As the initial concentration of dissolved oxygen, we adopted 250 μM, which corresponded to a saturated concentration of oxygen in water at 25 C. The inhibition of oxygen generation was evaluated by comparing with the oxygen concentrations with and without a scavenger at 120 s.
Production of blueformazan from NBT
Colorimetry using NBT 16 was performed under the same conditions as for the oxygen electrode method. The assay mixture consisted of 50 μM NBT, 10 mM H2O2, and the required concentration of scavenger dissolved in a tetraborate pH standard solution (pH 9.18). The mixture was put in a conventional quartz cell (light pass length, 1 cm) for measuring the absorbance, and set in the cuvette holder of an Ocean Optics USB2000 miniature fiber-optic spectrometer (Dunedin, FL). A fiber-optic cable was connected to conduct light, and Ocean Optics OOIBase32 software was used to process the data. The reaction was started by adding the Fe(III)NTA complex to a final concentration of 0.3 mM. The total volume of the reaction mixture was 2 ml. The increase in the absorbance at 560 nm of blueformazan, formed by the reduction of NBT by • O2 -, was monitored for 120 s. The measurement was performed at room temperature (about 25 C). The inhibition was evaluated by comparing with the absorbance at 560 nm with and without a scavenger at 120 s.
Results and Discussion
Detection of superoxide anion radical by oxygen generation
The superoxide anion radical is generated through the oxidation of H2O2 by Fe(III) ion. 14 The rate of oxidation increased remarkably when complexing Fe(III) with chelating agents, such as NTA. 12, 13 The oxidation activities of these complexes are extremely dependent on the pH, and Fe(III)NTA showed the maximum activity at around pH 9.
12 Therefore, we used a tetraborate standard pH solution (pH 9.18) for the reaction of H2O2 with Fe(III)NTA.
Oxygen generation was observed immediately after Fe(III)NTA was injected into the reaction system containing H2O2, and the rate of oxygen generation was almost constant during the measurement (about 120 s), as shown in Fig. 1(a) . The rate of oxygen generation increased linearly with the increasing concentration of H2O2 (2 -20 mM), as shown in Fig. 1(b) . This correlation supported the reaction sequences shown in the Introduction. The concentration of O2 observed after 120 s in the presence of 10 mM H2O2 was 394 ± 18 μM (n = 4).
To confirm the involvement of • O2 -in the present reaction system, we added SOD, a specific enzyme acting on • O2 -. As shown in Fig. 2 , oxygen generation was inhibited by the addition of SOD. Although SOD inhibited oxygen generation, depending on its concentration (Fig. 2(a) ), the inhibition did not reach 100% (Fig. 2(b) ). This can be explained by stoichiometry of the following reaction catalyzed by SOD:
SOD scavenges 2 mol of • O2 -, producing 1 mol of O2, as expressed by Eq. (6), indicating that the maximum theoretical degree of inhibition by SOD, determined by the oxygen electrode, is 50%. Indeed, the degree of inhibition was near to 50%, as shown in Fig. 2(b) (60.2 ± 7.3% (n = 3) at 30 units ml -1 SOD). A small deviation from the theoretical maximum is discussed later. We also evaluated the • O2 --scavenging ability of SOD with colorimetry using NBT (Fig. 2(c) ). To compare the • O2 --scavenging ability, we introduced the concentration that induced half inhibition of the maximum activity (IC50). Because the maximum theoretical inhibition was 50% with the use of an O2 electrode, as a convenience, we defined the 25% inhibition concentration as the IC50 value of SOD. The value of IC50 by the O2-electrode method was 9 units ml -1 , which was close to the value of 7 units ml -1 by the NBT method.
Application of the present method to the • O2 --scavenging abilities of antioxidants
We then evaluated the • O2 --scavenging ability of various antioxidants, comparing the present method with colorimetry. Firstly, we used a typical antioxidant, tryptophan. 4 This amino acid inhibited the oxygen generation derived from • O2 -, depending on its concentration (Fig. 3(a) ), and inhibition reached almost 100% at 1 mM, giving an IC50 of 0.09 mM (Fig. 3(b) ). This IC50 value compared favorably with IC50 of 0.16 mM, determined by the NBT method (Fig. 3(c) ).
The same experiments were performed using various antioxidants, comparing the O2-electrode method with colorimetry. All of the antioxidants tested in this study showed similar profiles as in the case of tryptophan under the condition of [H2O2] = 10 mM and [Fe(III)NTA] = 0.3 mM. That is, the inhibition increased with an increase in the concentration of the antioxidant, and approached 100% at higher concentrations, except for sorbitol, glucose, and formate, whose inhibition did not exceed 50%, even at a high concentration of 50 mM. The IC50 values of the antioxidants tested are summarized in Table 1 , along with those obtained by the NBT method. For a comparison, the results of SOD are also indicated in Table 1 . Amino acids, particularly tyrosine and tryptophan, known to be strong antioxidants, 4 showed high abilities to scavenge • O2 -. The IC50 values of sugars were much higher than those of amino acids, indicating that the • O2
--scavenging abilities of sugars were weak. Sugars are generally known to be HO
• scavengers, and especially mannitol is a highly selective inhibitor of HO
• . 17 The weak inhibition of O2 generation observed with mannitol thus seemed to be associated with the HO
• -scavenging reaction. In the O2-generating system employed in this study, Fe(II)NTA concurrently formed had a potential ability to produce HO
• by reacting with H2O2, as shown in the Introduction (Eq. (4)). The produced HO
• reacted with the HO • scavenger, and induced oxygen consumption according to the following reaction:
where RH showed an HO • scavenger like mannitol, and the resulting radical R
• reacted with an oxygen molecule. 11 Amino acids [18] [19] [20] and proteins including SOD 21, 22 have been reported to efficiently react with HO
• , and tryptophan is much more reactive to HO
• than mannitol. 18 Therefore, the fact that SOD and tryptophan slightly exceeded the degree of theoretical inhibition (Figs. 2(b) and 3(b) ) may be explained by the reaction of HO • with these substances, inducing further O2 consumption. Such a small degree of participation of HO • , however, can be neglected, since conventional colorimetry using NBT 23, 24 also indicated a weak activity of mannitol (Table 1) . Hence, the present method is effective for estimating the • O2 --scavenging abilities of antioxidants.
We evaluated the correlation of the scavenging activities of • O2
-between an O2-electrode and the NBT methods. The activities are expressed as 1/IC50, with a larger value, indicating higher activity. As shown in Fig. 4 , a good correlation was obtained between the two methods (the squared correlation coefficient, r 2 = 0.94).
Conclusions
The present study demonstrated that the oxygen electrode can be used to evaluate the .
